INTRODUCTION
A.
Motivation
The development geothermal energy resource depends i n part on successfully developing cost-effective techniques for creating and enlarging geothermal reservoirs , workable methods for extracting the stored energy, and accurate physical models for predicting reservoir behavior.
Each of these endeavors requires extensive data about borehole flow rate, temperature, pressure, f l u i d chemistry, and t h e i r associated changes. Acoustic signals a t various depths i n and between wells provide valuable geophysical information about a p a r t i c u l a r w e l l b o r e and a r e t h e b a s i s f o r mapping f r a c t u r e s and t r a c k i n g reservoir growth.
The sensors and downhole electronics used i n geophysical instruments must w i t h s t a n d t h e c o n d i t i o n s i n h o t geothermal w e l l b o r e s t o which t h e y a r e repeatedly subjected.
The purpose o f t h i s report i s t o describe current technology i n the thermal survival o r protection o f geophysical t o o l s and instruments , t o devel op re1 evant thermal and mechanical design c r i t e r i a , and t o sumnarize the r e s u l t s o f a series o f conceptual designs done on a c t i v e r e f r i g e r a t i o n systems t o eval u a t e t h e i r f e a s i b i 1 i t y f o r use i n downhol e applications.
B. The Engineering Problem
Conditions i n geothermal we1 1 s are general 1 y more host i 1 e than i n comnercial o i l o r gas wells. High geothermal gradients r e s u l t i n temperatures as high as 32OOC a t depths o f 4600 m (15 000 ft). Hydrostatic pressure a t t h a t depth and temperature i s approximately 38.5 x Pa (5200 psi). Water o r geofluid chemistry composition ranges from a c i d i c s a l t brines t o very a1 k a l i n e sol utions, w i t h suspended sol i d s averaging 2000 ppm.' We1 1 bores i n geothermal reservoi r s are purpose1 y i ncl i ned from v e r t i c a l and 1 e f t uncased i n t h e i r lower sections, which are i n n a t u r a l l y heated, unmelted crustal rock such as granite. 1 These c o n d i t i o n s r e q u i r e t h a t i n s t r u m e n t s be packaged i n a pressure vessel, o r a sonde, t h a t withstands both high temperature and pressure and t h e severe abrasion and mechanical vibrations and impacts caused by being dragged across hundreds o f f e e t o f rough, exposed granite.
Electronics and sensors housed i n the sonde must be thermally r e s i s t a n t or be thermally protected t o survive exposure a t elevated temperatures during experiments over extended periods i n hot wells.
Typically, d i f f i c u l t i e s w i t h current technology instruments and t o o l s a r i s e when measurements are required a t temperatures i n excess Of 200°C. 2'3s4'5 This occurs i n the Fenton H i l l System (FHS) wells a t depths below 3000 m.
The wells t h a t make up the FHS have been developed by t h e LOS A1 amos National Laboratory t o conduct research on r e s e r v o i r behavior and high-temperature instrument development. Thermal survival of commercial tool S w i t h ordinary electronics and current technology thermal protection is typically 2-1/2 hours or a single t r i p into and out of a 3400-m well (11 250 ft a t 150 f t / m i n ) .
Because the FHS wells are much deeper, 4600 and 4100 m, their bottom-hole temperatures are much higher, and tool thermal survival becomes increasingly less probableO4 Development of an active refrigeration system for downhol e electronics and sensors would considerably extend the capabilities for measuring geophysical quantities useful for the development and analysis of geothermal resources.
REVIEW
A survey of the literature i n the area of downhole geophysical instruments reveals that information about and expertise i n the field i s concentrated i n private i n d u s t r i a l corporations and the national laboratories pursuing research i n geophysics, geological engineering, or geothermal energy. 5 s 6 Private manufacturers advertise their instrument's capabil Sties b u t are not w i l l i n g t o provide information about the tool's construction or design because of its proprietary nature. Thus, results o f the research i n this area are published only if i t i s being done by a university or an agency that is subject t o the Freedom of Information Act or after the work becomes current techno1 ogyt A. Geophysical Instruments and Tools instruments range i n complexity from simple mechanical tools t h a t have complex and/or delicate electronics. They can be divided i n t o three ategories : (1) purely mechanical instruments, (2) instruments w i lectronics or temperatur (3) instruments components and/or ermal protection. ermal protection. Typical Tools i n the second category are mec cally simple and typically survjve a single trip into and out of a hot bore. The thermal capacitance of the tool body provides a major proportion of its thermal protection.
These instruments would benefft from a series of analyses t o select design improvements i n perature probes and Kuster gages.
i n s u l a t i o n materials and t h e i r arrangement around the sensors o r e ectronics.
Typical examples o f these instruments are pressure probes, spinner tools, and t h e whole a r r a y o f a c o u s t i c -l i s t e n i n g instruments.
T o o l s i n t h e t h i r d category are mechanically complex i n s i d e o r outside t h e sonde.
The v a r i a b l e being measured might require extensive d e l i c a t e electronics t h a t must be thermally protected by a hot service dewar and heat sink. Typical examples of these instruments are c a l i p e r tools, FM o r multiplexed acoustic instruments, gama tools, and g r a v i t y meters.
The A h i gh-temperature, three-axi s , downhol e geophone system was devel oped a t Los Alamos National Laboratory for mapping hydraulic fractures.
A s i m i l a r acoustic instrument using accelerometers was devel oped t o measure acoustic signals produced during hydraulic fracturing when parked i n the i n c l i n e d p o r t i o n of a wellbore.
Both instruments have dewared electronics and passive thermal protection systems t h a t have been successfully used a t 200°C. The Hot Hole Instruments Company advertises a temperature-pressure instrument, a "spinner t o o l " f o r measuring f l u i d v e l o c i t y i n a wellbore, and a high-temperature slim1 i n e televiewer.
The temperature and spinner t o o l s have been successfully tested a t 25OoC, but r e s u l t s are unknown f o r the televiewer a t high temperatures.
A high-temperature borehole televiewer, acoustically driven, i s being developed -j o i n t l y by the Los Alamos National Laboratory and the Westfal ishe Berggewerkschaftskasse (WBK) o f West Germany. T h i s i n s t r u m e n t i s b e i n g 10 designed f o r use a t 26OOC f o r 5 hours.
A series o f f o u r high-temperature, shaped-charge, high-explosive t o o l s have been developed a t Los Alamos National Laboratory f o r use a t 26O0C. They have been used t o a) produce a rubblized bell-shaped c a v i t y i n a wellbore needed f o r sidetrack d r i l l i n g i n hard formations, b) sever a stuck d r i l l pipe, and c) produce s t a r t e r cracks i n a borehole wall.
Each o f these three t o o l s has a dewared f i r i n g u n i t t h a t uses a c a p a c i t i v e d i s c h a r g e t o f i r e t h e The f o u r t h t o o l i s capable o f p r o d u c i n a s i n g l e l a r g e detonators.
acoustic signal o f known physical l o c a t i o n and known energy. 
Cool i n s Systems f o r Geophysical Instruments
Cooling systems f o r geophysical instruments and t o o l s vary from "none" t o "sophisticated."
The purely mechanical instruments require no cooling. The instruments i n the second category do not have any s p e c i a l l y designed o r s p e c i f i c a l l y intended "thermal protection system." Tools i n t h e t h i r d category are thermally protected using a current technology passive cooling system.
A t y p i c a l c o o l i n g system i s arranged as shown i n Fig. 1 , w i t h t h e electronics and a heat sink protected by a hot service dewar.
The heat Sink, usually f i l l e d w i t h a phase change material, i s also used as a closure f o r the dewar even though there must be some provision l e f t f o r t h e w i r i n g t o pass from the electronics through the heat sink and f i n a l l y t o the cablehead. The heat from the wellbore and heat generated by the electronics must move from the electronics compartment i n t o the heat sink.
Avai 1 ab1 e paths i n c l ude conduction through long, t h i n mounting rods o r conduction through a i r .
It has been shown t h a t t h e temperature g r a d i e n t r e q u i r e d t o t r a n s f e r heat from e l e c t r o n i c s t o heat s i n k i s t o o l a r g e t o be p r a c t i c a l
o r r e q u i r e s t h e compartment temperature t o remain above i t s stated survival l i m i t . One o f the disadvantages inherent i n the use o f passive thermal systems i s t h a t t h e i r heat absorption capacity i s volume limited, and the system does not generally reach steady state when parked on s t a t i o n i n a well.
Recent improvements i n passive protection systems include using heat pipes t o improve thermal conductance of the available paths and changing t h e heat sink material t o ice, thereby improving the thermal potential between the electronics and the heat sink. Several manufacturers currently produce single-conductor and multiconductor cable f o r use i n o i l and gas well environments. A considerable number of cables have been tested mechanically i n hot sour-gas well environments as h i g h as 193OC.
Coaxial cables from three manufacturers were mechanically and electrically tested by Los Alamos National Laboratory f o r use a t h i g h temperature.
The logging cable is connected t o the instrument by a cablehead. The cablehead provides the mechanical transition between a flexible armored cable and the pressure sonde and the electrical transition between thousands o f feet of electrical conductors and the electronics package housed i n the sonde. The mechanical transition must be designed t o provide a watertight seal between wellbore fluid and irregular surface common t o armored cables. The cablehead i s also the fail-safe disconnect provided in order t o retrieve an entire cable when a tool gets stuck i n a wellbore. The Los Alamos National Laboratory has designed and tested a high-temperature cablehead t h a t has been used repeatedly a t h i g h temperatures and pressures w i t h consistent success. 
Hiqh-Temperature Components
There are many components t h a t must survive h i g h temperatures i n order for a borehole instrument or tool t o function i n a geothermal well. The most critical components include electric motors t o t u r n valves or advance lead screws, high-temperature elastomer O-rings and seal s t h a t provide re1 iable watertight seals, high-temperature connectors t h a t do not degrade -* significantly when hot, dewars specifically designed for h o t service and considerable mechanical abuse, and several high-temperature oils and greases used on threads and internal c a v i t i e s . Table I l i s t s the components, manufacturers, and highest temperature a t which each component has been successfully used. 12
Current research on the development of high-temperature tools i s being ' conducted by several corporations, universities, and national laboratories. Current research on the development of a c t i v e refrigeration systems i n compact geometries t h a t a r e s u i t a b l e f o r use i n geophysical instruments i s being done by several private corporations and by the Los Alamos National Laboratory.
One company has developed a miniature r e f r i g e r a t o r for cooling c i r c u i t board electronics w i t h milliwatt cooling loads between cryogenic temperatures and ambient conditions.
There is no currently available information regarding research being done f o r active refrigeration bf multiwatt loads between 150 and 32OOC i n small compact geometries. To the author's knowledge, only the Los Alamos National Laboratory and two private corporations a r e doing research i n this area. Because each firm considers i t s research proprietary, there is e s s e n t i a l l y no other information available.
18,19
0 There exists a specific need for an active refrigeration system developed for the protection of instruments a t temperatures i n the range of 150 t o 320°C a t multiple watt cooling capacities. Such a system must be small enough t o be deployed w i t h an instrument sonde t h a t i s parked i n a h o t well and be efficient enough t o be operated using current technology .electrical cables or be s e l f -powered.
Such a system would make measurements of acoustic, magnetic, nuclear, and other types of d a t a possible in high-temperature we1 1 bores . Thi s advancement woul d greatly enhance the development Of cost-effective techniques for creating and enlarging geothermal reservoirs and improve the accuracy of mathematical reservoir modeling.
IV. DESIGN CRITERIA
Environment
Geothermal we1 1s are hostile environments because of their high-pressure, high-temperature, corrosive fluid solutions and their highly abrasive borehole walls. The instrument pressure vessels, or sondes, must withstand as much as 82.7 x lof6 Pa (12 000 psi) a t 3OOOC in fluid solutions t h a t average 2000-Ppm suspended solids and have a pH range from 2 t o 12.
B.
Physical Constraints Tool shapes are restricted t o small-diameter, long cylinders in order 'to pass through wellhead hardware and s t i l l slide down into a well. Overall length i s restricted by the available distance between well head hardware, packoffs, valves, etc., and the sheave over which the cable must pass. Tool diameter is restricted by the wellhead diameter or by the casing diameter, whichever i s smaller. Because tools must be manually lifted from a t r a i l e r or a staging bench, their weight i s limited t o approximately 300 lb. Manual handling must be considered because space around a wellhead is usually, Very confined and dependence on an available crane i s impractical in remote areas. Compatibility with _* Current Svstems Figure 2 shows a schematic of typical rigging for a downhole data'logging experiment. A tool i s suspended from the cablehead t h a t provides' electrical and mechanical connection from the instrument t o the cable and then t o the data acquisition system a t the surface. 
D. Thermal and Mechanical Loads
The proposed system m u s t w i t h s t a n d the mechanical and thermal l o a d s imposed on i t during transport t o and from the well site, data logging during an experiment, and storage while not i n use.
There a r e no unusual thermal loads imposed during tool transport. The high temperatures i n wellbores impose the l a r g e s t heating load on the tool and i t s e l e c t r o n i c s and thermal protection system. The temperature gradient i n t h e FHS wells is shown i n Fig. 3,4 and t h e calculated heat f l u x a t the tool This geothermal gradient i s one of the steepest published' and produces l a r g e temperature differences between the wellbore and the cool i n t e r i o r o f an instrument package. The heat f l u x shown i n Fig. 4 i s also r e l a t i v e l y severe i n t h a t it i s the r e s u l t o f a high heat t r a n s f e r c o e f f i c i e n t . Each parameter i n t h e Colburn e q u a t i o n i s near maximum-the high Reynolds number f o r a t y p i c a l f a s t t r i p i n t o a -w e l l a t 0. This requires t h a t an a c t i v e r e f r i g e r a t i o n system b e capable of removing 8 W o f heat i n p u t f r o m t h e well bore, plus self-generated heat, plus the heat o f compression supplied t o the system and then be able t o r e j e c t t h i s sum t o the wellbore. 
V. GENERAL REFRIGERATION CYCLE
There are numerous cycles i o n can be achieved. The
Carnot c y c l e i s t h e most common r i g e r a t o r because i t i s t h e r mdynamically ideal. There are s f r i g e r a t i o n cycles i n p r a c t i c a l use, which include t h e Ran ayton cycle, and absorption refrigeration.
Other l e s s f a m i l i a r o r even e x o t i c methods o r cycles include thermoelectric r e f r i g e r a t o r s , magnetocaloric r e f r i g e r a t o r s , acoustic refrigerators, and r e f r i g e r a t o r s t h a t use changes i n chemical composition.
The e f f i c i e n c y o f each o f these cycles i s compared t o the Carnot c y c l e t o provide a normalized method o f comparison from which t o make an informed choice.
The simplest ideal thermodynamic r e f r i g e r a t i o n cycle i s the Carnot cycle whose temperature-entropy diagram i s shown i n Fig. 60 An energy balance on the r e f r i g e r a t o r requires t h a t the heat absorbed from the cold reservoir plus the shaft work added t o the system be equal t o the heat rejected t o t h e hot reservoir.
The cold reservoir i s the electronic instrument package where
Tcold must be maintained a t 8OoC f o r ordinary electronics, 12OoC f o r components s a t i s f y i n g m i l i t a r y s p e c i f i c a t i o n s , and i n some cases can be allowed t o r i s e t o 150OC. The heat entering from the wellbore p l u s any heat generated by the electronics represents the amount o f heat absorbed by the + Q Rejected -Entropy S Fig. 60 Carnot cycle temperature-entropy diagram. r e f r i g e r a t o r .
The Thot r e s e r v o i r i s t h e h o t geothermal w e l l b o r e w i t h a temperature gradient as shown i n Fig. 3 , f o r which the maximum Thot i s 32OOC i n the FHS wells.
Heat transfer between the r e f r i g e r a t o r and both reservoirs requires a f i n i t e temperature difference.
This implies t h a t the substance absorbing heat from the electronics must be cooler than Tcold.
Then the same substance must undergo some process t o r a i s e i t s temperature t o a l e v e l higher than the Thot reservoir i n order t o r e j e c t heat' t o the wellbore. The physical s i z e l i m i t s o f the t o o l w i l l d i c t a t e the s i z e and shape of the heat t r a n s f e r areas used f o r b o t h heat exchange processes and w i l l r e s u l t i n a t r a d e o f f between physical s i z e and approach temperature differences. Refrigerator e f f i c i e n c y i s .generally defined by the c o e f f i c i e n t o f performance, which i s t h e r a t i o of heat extracted from the c o l d r e s e r v o i r t o the work input t o the r e f r i g e r a t o r o r
The ideal c o e f f i c i e n t o f performance f o r a Carnot r e f r i g e r a t o r operating with i n f i n i t e s i m a l temperature differences between the r e f r i g e r a n t f l u i d and both COP= = Qextracted/Winput.
(1) heat reservoirs i s given by
No r e a l r e f r i g e r a t i o n process approaches t h i s The r e f r i g e r a t o r design being proposed must be compatible both mechanically and e l e c t r i c a l l y with c u r r e n t l y used equipment.
Primarily, i t must be small enough t o fit i n s i d e t o o l sondes and dewars. Moderately priced hot service dewars i n current use a t t h e Los Alamos National Laboratory a l l o w Table 111 provides an array of design choices. If the design criteria have fixed the reservoir temperature, which is the case for this work, then the level a t which an actual refrigerator must operate i s defined. Because available power i n p u t through a single conductor is limited t o 22 W, only the cases for which power is less t h a n or equal t o 22 W are considered.
T h i s choice of maximum i n p u t power is amenable for use w i t h multiconductor cables t h a t are used t o deploy instruments t h a t do not use a11 the conductors for transmitting analog signals between electronics and data acquisition systems. The power limit i s also compatible w i t h single-conductor or coaxial cables t h a t are used t o deploy instruments containing FM or PCM signals t h a t can be transmitted over the same conductors used t o provide power downhol e.
The refrigeration theory for each system was studied i n enough detail ( a ) t o determine whether the theory was s t i l l i n the research stage o r could be applied t o the assumed reservoir conditions and heat loads and (b) t o locate or determine appropriate refrigerants. A conceptual design, or i n some cases a s e r i e s of designs, was made for each system f o r which an appropriate refrigerant was avai 1 ab1 e. A prel iminary analysis of each design was carried out t h a t included the relevant engineering parameters. The analysis provided sizes o f individual components o f each refrigerator and provided data from which t o chose the best refrigerant for a given system. Table IV shows the listing o f refrigeration cycles arranged i n order of decreasing coefficient of performance (COP) for an estimated actual refrigerator.
VI. ACTIVE REFRIGERATION DESIGN STUDY SUMMARY
The efficiency of each component i n a cycle was chosen from data i n the literature or is a guess based on similar components.
The two-stage Rankine cycle, using water i n the f i r s t stage and thermex i n the second stage, resulted in the highest COP.
T h i s refrigerator would require two compressors, three h exchangers, and two expansion valves. The major disadvantage of this syst s t h a t fluid leakage from the refrigerator would lead t o electrical failur probable damage t o electronics. The Brayton cycle using a mixture of helium and xenon as the refrigerant i s the next most efficient refrigerator. This cycle would require only a 
Sodi um
Fuel c e l l i n research stages.
None
No sui tab1 e refrigerant found.
single stage, o r one compressor, two heat exchangers, and a turbine. The acoustic r e f r i g e r a t o r using helium as a refrigerant shows nearly the same Cop. I n b o t h o f t h e above cases, r e f r i g e r a n t leakage would cause a g r a c e f u l degradation o f both the r e f r i g e r a t o r and electronics operation. The acoustic r e f r i g e r a t o r i s a simpler mechanical design w i t h less tubing but requires heat exchangers t o operate dynamically rather than a t steady-state conditions.
The above cycles are a l l feasible since t h e i r COP are above 15% o f Carnot and require less than 22 W o f input power. The remaining r e f r i g e r a t o r designs resulted i n COP less than 15% o f Carnot o r d i d not have s u i t a b l e refrigerants.
The r e f r i g e r a t o r using a Brayton cycle w i t h a valve i n place o f a t u r b i n e i s marginally unfeasible because it requires two times the available power input. Possible application might be considered i f more than one conductor i s available f o r power input, such as multiplexed application on a multiconductor wireline.
This c y c l e i s much less mechanically i n t r i c a t e and probably more re1 iable.
The thermoelectric refrigerators evaluated are a l l unfeasible f o r the stated application, r e q u i r i n g a t l e a s t f i v e times the stated maximum power input.
These methods might be considered feasible f o r use w i t h smaller AT between reservoirs such as 150-220°C a t the stated cooling loads.
l o r i c r e f r i g e r a t o r i s suited f o r removal o f l a r g e r heat loads over a very small r e s e r v o i r temperature difference. It might be useful f o r long-term cooling application a t several s p e c i f i c temperatures.
The only s u i t a b l e f u e l c e l l s found f o r use i n a regenerative f u e l c e l l cycle was the thermally regenerative electrochemical system (TRES) f u e l c e l l using sodium as the electro-active fluid.
It i s i n the laboratory development stages.
There was no s u i t a b l e r e f r i g e r a n t found f o r an absorption r e f r i g e r a t o r .
